Effects of synthetic iron and aluminium oxide surface charge and hydrophobicity on the formation of bacterial biofilm by Pouran, H.M. et al.
This is a repository copy of Effects of synthetic iron and aluminium oxide surface charge 
and hydrophobicity on the formation of bacterial biofilm.
White Rose Research Online URL for this paper:
http://eprints.whiterose.ac.uk/117539/
Version: Accepted Version
Article:
Pouran, H.M., Banwart, S.A. and Romero-Gonzalez, M. orcid.org/0000-0001-5808-5383 
(2017) Effects of synthetic iron and aluminium oxide surface charge and hydrophobicity on
the formation of bacterial biofilm. Environmental Science: Processes & Impacts, 19. pp. 
622-634. ISSN 2050-7887 
https://doi.org/10.1039/C6EM00666C
eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/
Reuse 
Unless indicated otherwise, fulltext items are protected by copyright with all rights reserved. The copyright 
exception in section 29 of the Copyright, Designs and Patents Act 1988 allows the making of a single copy 
solely for the purpose of non-commercial research or private study within the limits of fair dealing. The 
publisher or other rights-holder may allow further reproduction and re-use of this version - refer to the White 
Rose Research Online record for this item. Where records identify the publisher as the copyright holder, 
users can verify any specific terms of use on the publisher’s website. 
Takedown 
If you consider content in White Rose Research Online to be in breach of UK law, please notify us by 
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request. 
 1 
(IIHFWVRIV\QWKHWLFLURQDQGDOXPLQLXPR[LGHVXUIDFHFKDUJH1 
DQGK\GURSKRELFLW\RQWKHIRUPDWLRQRIEDFWHULDOELRILOP 2 
 3 
Hamid M. Pouran*a, Steve A. Banwartb, Maria Romero-Gonzalezc 4 
 5 
a 
LMEI, SOAS, University of London, UK, 
b  
School of Earth and Environment, University of 6 
Leeds, UK, 
C
 Department of Geography, University of Sheffield, UK 7 
 8 
 9 
*Corresponding author: Dr Hamid M. Pouran: Tel.: +44 (0)7930 342062  10 
 Email: hamidpouran@gmail.com 11 
 12 
 13 
 14 
 15 
 16 
 17 
 18 
 19 
 20 
 21 
 22 
 23 
 24 
 25 
 26 
 27 
 28 
 29 
 30 
 31 
 32 
 33 
 34 
 35 
 36 
 37 
 38 
 39 
 40 
 2 
 1 
 2 
Abstract 3 
In this research, bacterial cell attachments to hematite, goethite and aluminium hydroxide were 4 
LQYHVWLJDWHG7KHDLPZDV WRVWXG\ WKHHIIHFWVRI WKHVHPLQHUDOV¶K\GURSKRELFLW\DQGS+-dependent 5 
surface charge on the extent of biofilm formation using six genetically diverse bacterial strains: 6 
Rhodococcus spp. (RC92 & RC291), Pseudomonas spp. (Pse1 & Pse2) and Sphingomonas spp. (Sph1 7 
& Sph2), which had been previously isolated from contaminated environments. The surfaces were 8 
prepared in a way that was compatible with the naturally occurring coating process in aquifers: 9 
deposition of colloidal particles from the aqueous phase. The biofilms were evaluated using a novel, 10 
in situ and non-invasive technique developed for this purpose. A manufactured polystyrene 12-well 11 
plate was used as the reference surface to be coated with synthesized minerals by deposition of their 12 
suspended particles through evaporation.  13 
 14 
Planktonic phase growth indicates that it is independent of the surface charge and hydrophobicity of 15 
the studied surfaces. The hydrophobic similarities failed to predict biofilm proliferation. Two of the 16 
three hydrophilic strains formed extensive biofilms on the minerals. The third one, Sph2, showed 17 
anomalies contrary to the expected electrostatic attraction between the minerals and the cell surface. 18 
)XUWKHUUHVHDUFKVKRZHGKRZWKHVROXWLRQ¶VLRQLFVWUHQJWKDIIHFWV6SKVXUIDFHSRWHQWLDl and shapes 19 
the extent of its biofilm formation; reducing the ionic strength from | 200 mM to | 20 mM led to a 20 
tenfold increase in the number of cells attached to hematite. This study provides a technique to 21 
evaluate biofilm formation on metal-oxide surfaces, under well-controlled conditions, using a simple 22 
yet reliable method. The findings also highlight that cell numbers in the planktonic phase do not 23 
necessarily show the extent of cell attachment, and thorough the physicochemical characterization of 24 
bacterial strains, substrata and the aquifer medium are fundamental to successfully implementing any 25 
bioremediation projects. 26 
 27 
 28 
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1. Introduction 4 
 5 
Biodegradation, utilizing the capability of microorganisms to transform pollutants 6 
into new compounds, 
1±3
 is a key process in planning management strategies for 7 
contaminated soils and aquifers. It is known that in a groundwater environment microbial 8 
communities form biofilms, which play a predominant role in the biodegradation process. 
1,4
 9 
Bacterial adhesion to metal oxides has been a subject of research for many years, 10 
either for its positive effect, e.g. its role in bioremediation, or negative impact on industrial 11 
process efficiency, e.g. engineering costs because of biofouling (undesirable growth and 12 
accumulation of bacterial cells on the surfaces of engineering structures). 
5,6
 Although 13 
understanding biofilm formation requires a multidisciplinary research approach, 
6
 we often 14 
see that this necessity has been undermined when studying bacterial adhesion on mineral 15 
surfaces. Available studies on biofilm formation on metal oxides indicate that the dominant 16 
technique to prepare these surfaces is often based on precisely engineered methods, e.g. 17 
chemical vapour deposition (CVD). 
7,8
  18 
This paper aims to provide a better understanding of biofilm formation via the use of 19 
some bacterial strains capable of participating in the bioremediation process on the most 20 
common metal-oxide surfaces in aquifers. The results will improve our perception of the 21 
interfacial forces governing bacterial cell attachment and our ability to speculate on the extent 22 
of biofilm formation and consequently biodegradation efficiency in diverse geological media. 23 
1,3,9±11
 It is worth mentioning that biofilm formations using selected model strains have been 24 
evaluated in other published studies, namely their attached growth on quartz and polystyrene 25 
surfaces. 
4,9
  26 
 27 
 4 
 1 
 2 
%LRILOPIRUPDWLRQEHJLQVZLWKWKHDGKHVLRQRIDVPDOOTXDQWLW\RIFHOOV)LJXUH3 
LVDVFKHPDWLFUHSUHVHQWDWLRQRIWKHPDLQVWHSVLQYROYHGLQWKHELRILOPIRUPDWLRQSURFHVV±4 
 ,Q HQJLQHHUHG ELRUHPHGLDWLRQ WKH WUDGLWLRQDO DVVXPSWLRQ LV WKDW VWLPXODWLQJ D QDWXUDOO\5 
RFFXUULQJ PLFURELDO SRSXODWLRQ DQGRU DGGLQJ VSHFLILF PLFURRUJDQLVPV WR D FRQWDPLQDWHG6 
DTXLIHUZLOOHQKDQFHWKHELRGHJUDGDWLRQRID WDUJHWHGFRPSRXQG7KLV LVEDVHGRQWKH7 
FRQFHSW WKDW GHSOR\LQJ WKHVH WHFKQLTXHV HYHQWXDOO\ LPSURYHV ELRILOP IRUPDWLRQ DQG8 
FRQVHTXHQWO\ WKH ELRUHPHGLDWLRQ SURFHVV )RU WKLV SXUSRVH SODQNWRQLF SKDVH JURZWK DQG9 
YDULDWLRQV LQ FHOO QXPEHUV LQ WKLV SKDVH DUH RIWHQ XVHG WR LQIHU EDFWHULDO DFWLYLW\ ZKLOH WKH10 
VXFFHVV RI WKH ELRUHPHGLDWLRQ SURFHVV GHSHQGV RQ HIIHFWLYH EDFWHULDO FRORQL]DWLRQ DQG11 
VXEVHTXHQWELRILOPIRUPDWLRQ 12 
0LQHUDOVXUIDFHSURSHUWLHVFDQLQIOXHQFHERWKFHOODWWDFKPHQWDQGELRILOPIRUPDWLRQ13 
 7KH UROH RI VXUIDFH K\GURSKRELFLW\ DQG WKH FKDUJH RI ERWK WKH FHOO VXUIDFH DQG WKH14 
VXEVWUDWH LQ FHOO DGKHVLRQ DQG DWWDFKHG JURZWK KDYH EHHQ VWXGLHG EHIRUH DQG GLVFUHSDQFLHV15 
EHWZHHQ WKH H[SHFWHG H[WHQW RI ELRILOP IRUPDWLRQ DQG REVHUYHG DWWDFKPHQW SDWWHUQV KDYH16 
EHHQIRXQG7KLVUHVHDUFKWHVWVWKHK\SRWKHVLVWKDWWKHVXUIDFHFKDUJHDQGK\GURSKRELFLW\17 
RIPLQHUDOVXUIDFHVVSHFLILFDOO\PHWDOR[LGHVGHWHUPLQHWKHH[WHQWRIELRILOPIRUPDWLRQ7KLV18 
VWXG\GLIIHUHQWLDWHVLWVHOIIURPRWKHUUHVHDUFKE\SHUIRUPLQJWHVWVRQPHWDO-R[LGHVXUIDFHVWKDW19 
ZHUH V\QWKHVL]HG IXOO\ FKDUDFWHUL]HG DQG GHSRVLWHG RQ UHIHUHQFH VXUIDFHV LQ D ZD\20 
FRPSDWLEOH ZLWK WKH GHSRVLWLRQ SURFHVV WKDW RFFXUV LQ DTXLIHUV ± HJ KHPDWLWH-FRDWHG21 
TXDUW]LQFRQWUDVWWRSUHFLVHO\HQJLQHHUHGVXUIDFHVHJPHWDO-R[LGHWKLQILOPVVXFKDVWKRVH22 
SUHSDUHG WKURXJK FKHPLFDO YDSRXU GHSRVLWLRQ &9' $OVR WKLV UHVHDUFK UHOLHV RQ D23 
QRYHO LQ VLWX DQG QRQ-LQYDVLYH WHFKQLTXH WKDW XVHV D ZDWHU-GLSSLQJ REMHFWLYH WR HYDOXDWH24 
ELRILOP IRUPDWLRQ RQ WKH PLQHUDOV VWXGLHG 7KLV LPDJLQJ PHWKRG ZDV GHYHORSHG IRU WKLV25 
 5 
VWXG\ DQG LW SURYLGHV D EHWWHU ZD\ WR HYDOXDWH DQG TXDQWLI\ ELRILOPV FRPSDUHG WR XVLQJ1 
FU\VWDOYLROHWDVVD\ZKLFKLVDPHWKRGIUHTXHQWO\XVHGIRUWKLVSXUSRVH 2 
0HWDOR[LGHV DUH DQ LPSRUWDQW JURXSRI VRLOPLQHUDOV LQSDUWLFXODUEHFDXVHRI WKHLU3 
ZLGH SUHVHQFH DQG WKH YDULHW\ RI JHRFKHPLFDO UHDFWLRQV WKDW RFFXU RQ WKHLU VXUIDFHV 4 
+HPDWLWH JRHWKLWH DQG DOXPLQLXP K\GUR[LGH DUH VRPH RI WKH PRVW FRPPRQ VRLO PLQHUDOV5 
WKH\RIWHQDSSHDULQWKHIRUPRIFRDWLQJVRQRWKHUPLQHUDOVXUIDFHVVXFKDVTXDUW],Q6 
DGGLWLRQWKH\KDYHDUHODWLYHO\KLJKSRLQWRI]HURFKDUJH3=&DVSHFLILFS+YDOXHDWZKLFK7 
WKHVXUIDFHFKDUJHLVQHXWUDOZKLFKPDNHVWKHLUVXUIDFHVSRVLWLYHO\FKDUJHGLQWKHS+UDQJH8 
RIQDWXUDOHQYLURQPHQWV7KHVHPHWDOR[LGHVZHUHVHOHFWHGDVPRGHOPLQHUDOVWRHYDOXDWH9 
WKH HIIHFWV RI WKHLU VXUIDFH FKDUJH DQG K\GURSKRELFLW\ RQ WKH ELRILOP IRUPDWLRQ RI VSHFLILF10 
EDFWHULDOVWUDLQV6WXG\LQJWKHVHPHWDOR[LGHVDOVRDOORZVEXLOGLQJXSDPRUHFRPSUHKHQVLYH11 
SLFWXUH RI KRZ FRPSOH[ VXUIDFHV HJ DOXPLQRVLOLFDWHV DQG ELQDU\ PHWDO R[LGHV FDQ DIIHFW12 
DWWDFKHGPLFURELDOJURZWK 13 
6LPLODU WRPHWDOR[LGHVEDFWHULDOFHOOVDOVRFDUU\DS+-GHSHQGHQWVXUIDFHFKDUJHDW14 
WKHFHOO-ZDWHULQWHUIDFH7KLVVXUIDFHFKDUJHVWHPVIURPDVVRFLDWHGIXQFWLRQDOJURXSVRQ15 
WKHVXUIDFHRIWKHFHOOZDOOZKLFKWKURXJKSURWRQDWLRQGHSURWRQDWLRQSURFHVVHVJHQHUDWHVD16 
S+-GHSHQGHQWVXUIDFHFKDUJH1HYHUWKHOHVVPRVWRIWKHDYDLODEOHLQIRUPDWLRQLQGLFDWHV17 
WKDW EDFWHULDO VXUIDFHV GRPLQDQWO\ H[KLELW DQ RYHUDOO QHJDWLYH FKDUJH LQ WKH S+ UDQJH RI18 
QDWXUDO HQYLURQPHQWV ± +HQFH DWWUDFWLRQ EHWZHHQ WKH RSSRVLWH VXUIDFH FKDUJHV RI19 
EDFWHULDOFHOODQGPHWDO-R[LGHVXUIDFHVZLWKS+YDOXHVOLNHQDWXUDOHQYLURQPHQWVLVH[SHFWHG20 
+HUH ZH UHSRUW WKH UHVXOWV RI VWXG\LQJ WKH ELRILOP IRUPDWLRQ RI VSHFLILF HQYLURQPHQWDO21 
LVRODWHVRQKHPDWLWH JRHWKLWH DQGDOXPLQLXPK\GUR[LGHZKLFKZDVSHUIRUPHGXQGHUZHOO-22 
FRQWUROOHGH[SHULPHQWDOFRQGLWLRQVDQGLQDUHSURGXFLEOHPDQQHU 23 
 24 
 25 
 6 
 1 
 2 
Experimental section 3 
1. Materials and Methods 4 
  2.1 Chemicals 5 
In the experiments, certified ACS reagents, chemicals that meet or exceed the latest ACS 6 
specifications, were supplied by Fisher Scientific (UK) and used without further purification. 7 
Ultra-high quality water (UHQ, conductivity 18.2 0ȍFP at 25ºC) was used throughout the 8 
experiments. All chemicals were prepared in Pyrex glass vessels. 9 
  2.2 Surface preparation ± synthesis, coating and characterization 10 
+HPDWLWH ZDV SUHSDUHG E\ KHDWLQJ DQ DFLGLF VROXWLRQ RI )H&O  *RHWKLWH ZDV11 
V\QWKHVL]HGE\KHDWLQJDQDONDOLQHVROXWLRQRI)H12LQDSRO\HWK\OHQHIODVNIRUKRXUV12 
DW & 7KH DOXPLQLXP K\GUR[LGH V\QWKHVLV PHWKRG ZDV EDVHG RQ DGGLQJ DOXPLQLXP13 
QLWUDWHWRDQDONDOLQHVROXWLRQ 14 
$ 672( 67$', 3 ;-UD\ SRZGHU GLIIUDFWRPHWHU DQG D 3HUNLQ (OPHU 6SHFWUXP15 
6SRWOLJKW )7,5 LPDJLQJ V\VWHP IRU )RXULHU-WUDQVIRUP LQIUDUHG VSHFWURVFRS\ )7,5 ZHUH16 
XVHGWRDQDO\]HWKHV\QWKHWL]HGPDWHULDOV)RU;5'DQDO\VLVFRSSHU.DOIDZDVWKHUDGLDWLRQ17 
VRXUFHDUDQJHRI±GHJUHHVDQGDVWHSVL]HRIGHJUHHVZHUHWKHWHVWSDUDPHWHUV,Q18 
)7,5H[SHULPHQWVWKHVSHFWUXPUHVROXWLRQZDVFP-FRYHULQJWKHUDQJHRI-FP-19 
ZDYHQXPEHUVDQGVFDQVZHUHFROOHFWHGIRUHDFKVDPSOH 20 
7R GHWHUPLQH WKH SRLQW RI ]HUR FKDUJH 3=& RI WKH V\QWKHWLF PHWDO R[LGHV21 
SRWHQWLRPHWULFWLWUDWLRQZDVGRQH$QDXWRPDWHGSRWHQWLRPHWULFWLWUDWRU0HWURKP67$722 
7LWULQRZDVXVHG'XULQJWLWUDWLRQVDFLG+&O0DQGEDVH1D2+0ZHUHDGGHGE\23 
DFRPSXWHU-FRQWUROOHGPLFUR-EXUHWWHZLWKDGLVSHQVLQJYROXPHRIPO7KH WLWUDWRUZDV24 
 7 
DGMXVWHG WR DGG VXFFHVVLYH DFLG RU EDVH ZKHQ WKH DEVROXWH YDOXH RI WKH SRWHQWLDO GULIW ZDV1 
HTXDOWRRUOHVVWKDQP9PLQ7KHVDPSOHVXVSHQVLRQVZHUHSXUJHGZLWK1JDVWRUHPRYH2 
FDUERQ GLR[LGH IURP WKH V\VWHP IRU DSSUR[LPDWHO\ WZR KRXUV EHIRUH WLWUDWLRQ ZKLFK ZDV3 
SHUIRUPHG LQ DQ 1 DWPRVSKHUH  ,Q WKHVH WHVWV D PDJQHWLF VWLUUHU SURYLGHG FRQWLQXRXV4 
VWLUULQJDQGWKHVXVSHQVLRQWHPSHUDWXUHZDVNHSWDW&GXULQJWKHWLWUDWLRQSHULRG6XUIDFH5 
K\GURSKRELFK\GURSKLOLFSURSHUWLHVRIWKHV\QWKHWLFPLQHUDOVZHUHREWDLQHGE\PHDVXULQJWKH6 
ZDWHU-GURSFRQWDFWDQJOHLQDLU&RQWDFWDQJOHVZHUHREWDLQHGXVLQJWKHVHVVLOHGURSPHWKRG7 
DQGD.5h66'6$GURS-VKDSHDQDO\VLVV\VWHP$QDOLTXRWHRIORI8+4ZDWHUZDV8 
DGGHGWRWKHPLQHUDOVXUIDFHVDWURRPWHPSHUDWXUH7KHFRQWDFWDQJOHEHWZHHQWKHVXUIDFH9 
DQG D WDQJHQW GUDZQ RQ WKH GURS VXUIDFH SDVVLQJ WKURXJK WKH WULSOH SRLQW RI DWPRVSKHUH-10 
OLTXLG-VROLGZDVPHDVXUHG,URQDQGDOXPLQLXPR[LGHV¶K\GURSKLOLFQDWXUHVWHPVIURPWKHLU11 
VXUIDFHK\GUR[\OJURXSV,QJHQHUDOVXUIDFHVZLWKDZDWHU-GURSFRQWDFWDQJOHRIOHVVWKDQ12 
 GHJUHHV DUH K\GURSKLOLF QHYHUWKHOHVV IRU WKH VXUIDFHV VWXGLHG WKH H[SHFWHG ZDWHU-GURS13 
FRQWDFWDQJOHVZHUHFRQVLGHUDEO\OHVV±7KH0$7+0LFURELDO$GKHVLRQWR+\GURFDUERQ14 
7HVW LV DQ HVWDEOLVKHG PHWKRG WR TXDQWLI\ PLFURELDO FHOO VXUIDFH K\GURSKRELFLW\ YLD WKHLU15 
DWWDFKPHQW WR K\GURFDUERQ GURSOHWV ± WKLV WHFKQLTXH KDV EHHQ SHUIRUPHG RQ VHOHFWHG16 
PRGHOVWUDLQVLQRWKHUSXEOLVKHGVWXGLHV 17 
7KH FRDWLQJ SURFHVV LQYROYHG WKH GLUHFW GHSRVLWLRQ RI PLQHUDO SDUWLFOHV IURP DQ18 
DTXHRXV VXVSHQVLRQ E\ HYDSRUDWLRQ ZKLFK KDV EHHQ H[SODLQHG LQ GHWDLO LQ D SUHYLRXV19 
SXEOLFDWLRQ $IWHU WKLV VWHS WKH FRDWHG SRO\VW\UHQH VXUIDFHV ZHUH DVVHVVHG XVLQJ RSWLFDO20 
PLFURVFRS\=HLVV$[LRYLVLRQGLUHFWLPDJLQJDQGFRQWDFW-DQJOHPHDVXUHPHQWVWRGHWHUPLQH21 
WKHLUK\GURSKRELFLW\DVGHVFULEHGDERYH7KH$75-)7,5DWWHQXDWHGWRWDOUHIOHFWLRQ-)RXULHU22 
WUDQVIRUP LQIUDUHG WHFKQLTXH XVLQJ D 6SHFDF 6LOYHU *DWH (VVHQWLDO 6LQJOH 5HIOHFWLRQ$7523 
6\VWHPDQG;36DQG;-UD\SKRWRHOHFWURQVSHFWURVFRS\.5$726-$[LVZHUHDOVRXVHG24 
 8 
WR FRPSDUH WKH FKHPLFDO SURSHUWLHV RI DOWHUHG VXUIDFHV ZLWK WKRVH RI UHIHUHQFH SRO\VW\UHQH1 
DQGPLQHUDOVXUIDFHV±SOHDVHVHHVXSSRUWLQJLQIRUPDWLRQ6, 2 
%DFWHULDOVWUDLQVJURZWKFRQGLWLRQVDQGVDPSOHSUHSDUDWLRQ  3 
6L[EDFWHULDOVWUDLQVZHUHLVRODWHGIRUEDFWHULDO-DGKHVLRQDQGDWWDFKHG-JURZWKVWXGLHV4 
5KRGRFRFFXV VSS5&DQG5&ERWK*UDP-SRVLWLYHZHUH LVRODWHG IURPVRLO VDPSOHV5 
IURP D SROOXWHG JDVZRUNV VLWH LQ QRUWKHDVW (QJODQG7KH EDFWHULD 3VHXGRPRQDV VSS 3VH6 
DQG 3VH DQG 6SKLQJRPRQDV VSS 6SK DQG 6SK ZHUH LVRODWHG IURP JURXQGZDWHU DW D7 
SKHQRO-FRQWDPLQDWHGVLWHLQWKH:HVW0LGODQGV(QJODQG7KHVWUDLQV3VH3VH6SKDQG8 
6SK DUH *UDP-QHJDWLYH 7KH\ KDYH EHHQ FODVVLILHG XVLQJ FRPSDUDWLYH 6 U51$9 
VHTXHQFLQJ$OOVWUDLQVZHUHPDLQWDLQHGRQDVROLG5$PHGLXP2[RLG 10 
7KHEDFWHULDOVWUDLQVZHUHJURZQLQDQ$%PHGLXPZKLFKLVDGHILQHGPHGLXP11 
ZLWKNQRZQH[DFWFKHPLFDOFRPSRVLWLRQ±SOHDVHVHHVXSSRUWLQJLQIRUPDWLRQ6,7KHFDUERQ12 
VRXUFHZDVP0RIJOXFRVHDQGWKHLQFXEDWLRQWLPHZDVKRXUVDWÛ&RQDVKDNHUDW13 
USP$IWHULQFXEDWLRQFHOOVZHUHKDUYHVWHGE\FHQWULIXJDWLRQLQDQHDUO\VWDWLRQDU\SKDVH14 
DQG ZDVKHG LQ  PO RI VWHULOH  1D&O VROXWLRQ 6DPSOHV RI ZDVKHG DQG UHVXVSHQGHG15 
VWUDLQVLQ1D&OZLWKDQRSWLFDOGHQVLW\2'RIDWȜ QPZHUHUHVXVSHQGHG16 
LQ WKH $% PHGLXP ZLWK GLIIHUHQW FDUERQ-VRXUFH WUHDWPHQWV 7ZR YDULDWLRQV RI FDUERQ17 
VRXUFHV  P0 RI JOXFRVH DQG  P0 RI SRWDVVLXP DFHWDWH .$F ZHUH XVHG WR HYDOXDWH18 
ZKHWKHU WKHUH ZDV D GLIIHUHQFH EHWZHHQ WKHVH WZR FDUERQ VRXUFHV LQ WKH H[WHQW RI ELRILOP19 
IRUPDWLRQ LQ DGGLWLRQ WKH VDPH PHGLXP ZLWK QR FDUERQ VRXUFH ZDV XVHG DV D FRQWURO20 
3UHYLRXV VWXGLHV LQGLFDWH WKDW WKHVH HQYLURQPHQWDO LVRODWHV FDQ PHWDEROL]H JOXFRVH DQG21 
SRWDVVLXP DFHWDWH DQG VLPLODU JURZWK PHGLD KDYH EHHQ XVHG LQ WKH SDVW WR VWXG\ ELRILOP22 
IRUPDWLRQRQPRGHOVXEVWUDWDZLWKGLIIHUHQWVXUIDFHSURSHUWLHV7KHDLPRIWKLVVWXG\ZDV23 
WRSHUIRUPH[SHULPHQWVLQFOXGLQJEDFWHULDOFHOOJURZWKDQGDWWDFKPHQWLQDZHOO-FRQWUROOHG24 
HQYLURQPHQW$VLPLODULQFXEDWLRQPHWKRGDQGJURZWKPHGLXPGHILQHGPHGLXP$%LQ25 
 9 
DGGLWLRQWRVWXG\LQJWKHDWWDFKPHQWPRUSKRORJLHVRIWKHVHLQGLYLGXDOHQYLURQPHQWDOLVRODWHV1 
WRSRO\VW\UHQHKDYHEHHQUHSRUWHGLQRWKHUSXEOLFDWLRQV±WKHVHZHUHXVHGWRFURVV-2 
FRPSDUHZLWKWKLVUHVHDUFK([WHQGLQJWKLVVWXG\WRFRQGLWLRQVPRUHFRPSDWLEOHZLWKQDWXUDO3 
HQYLURQPHQWVVKRXOGEHSDUWRIIXWXUHVWXGLHV 4 
 5 
%LRILOPIRUPDWLRQVWXGLHV 6 
6L[VWUDLQVIRXUGLIIHUHQWVXUIDFHVWZRFDUERQVRXUFHVDQGRQHH[SHULPHQWDOFRQWURO7 
$%PHGLXPZLWKQRFDUERQVRXUFHZHUHDQDO\]HGLQWULSOLFDWHWRDVVD\ELRILOPIRUPDWLRQ8 
IRUDWRWDORIVDPSOHV,QWKHVHH[SHULPHQWVUHIHUHQFHSRO\VW\UHQHSODWHVZHUHSUHSDFNHG9 
DQG UDGLDWLRQ-VWHULOL]HG 7KH PLQHUDO-FRDWHG SRO\VW\UHQH SODWHV  ZHUH VWHULOL]HG E\10 
LPPHUVLRQLQDHWKDQROPHGLXPIRURQHKRXUSULRUWRLQFXEDWLRQDQGGULHGXQGHUDVHSWLF11 
FRQGLWLRQVLQDODPLQDUIORZFDELQHW 12 
1RQ-LQYDVLYHLQVLWXGLUHFWLPDJLQJXVLQJ6\WRVWDLQJUHHQIOXRUHVFHQWQXFOHLFDFLG13 
VWDLQVXSSOLHGE\ ,QYLWURJHQZDVXVHGDV WKHSULPDU\ WHFKQLTXH WRDVVD\ELRILOP7KH14 
UHIHUHQFHSRO\VW\UHQHDQGPHWDO-R[LGHFRDWHGSRO\VW\UHQHZHOO-SODWHVHDFKZLWKZHOOVDQG15 
D QRPLQDO FXOWXUH DUHD RI  FP IRU HDFK ZHOO  ZHUH XVHG DV VXEVWUDWD IRU ELRILOP16 
IRUPDWLRQVWXGLHV6DPSOHVRIEDFWHULDVXVSHQVLRQZHUHSUHSDUHGDWDQRSWLFDOGHQVLW\2'17 
RIDWȜ QPXVLQJ$%PHGLXPS+§ZLWKJOXFRVHSRWDVVLXPDFHWDWHDQGQR18 
FDUERQVRXUFH7KHQPORISUHSDUHGPHGLXPZDVDGGHGWRHDFKPLFUR-ZHOO7KHZHOO-19 
SODWHV ZHUH LQFXEDWHG IRU  KRXUV DW & )LJ  WKHQ  O RI HDFK RI WKH EDFWHULDO20 
VDPSOHV IURP WKHLUSODQNWRQLFSKDVHZDV WUDQVIHUUHG WRD-PLFURZHOO-SODWHDQG WKH2'21 
ZDVPHDVXUHGDWȜ QPWRGHWHUPLQHSODQNWRQLFSKDVHJURZWK7RDVVHVVWKHSODQNWRQLF22 
SKDVHRILQGLYLGXDOHQYLURQPHQWDOLVRODWHVWKHPHDVXUHGRSWLFDOGHQVLW\2'DWȜ QP23 
ZDV FDOLEUDWHG DJDLQVW WKH QXPEHU RI FRORQ\-IRUPLQJ XQLWV &)8 IRU HDFK VWUDLQ 7KLV24 
FDOLEUDWLRQZDVXVHG WR FRPSDUH JURZWK LQ WKH SODQNWRQLFSKDVH IRU HDFK LQGLYLGXDO VWUDLQ25 
 10 
7KHUHVWRIWKHSODQNWRQLFSKDVHZDVGLVFDUGHGDQGHDFKZHOOZDVJHQWO\ZDVKHGWKUHHWLPHV1 
E\ DGGLQJ PO RI  VWHULOH 1D&O VROXWLRQ WKDW ZDV VORZO\ DGGHG WR WKH ZHOO ZDOO DQG2 
ERWWRP LQWHUVHFWLRQXVLQJDSLSHWWH WLS WR UHPRYHFHOOV LQ WKHSODQNWRQLFSKDVHDQGHQVXUH3 
WKDWRQO\EDFWHULDOFHOOVZKLFKKDGDWWDFKHGWRWKHVXUIDFHZHUHSUHVHQW 4 
(DFKZHOORI WKHUHIHUHQFHSRO\VW\UHQHDQGFRDWHGSODWHVZDVVWDLQHGE\DGGLQJ5 
PORI6\WRZKLFKZDVGLOXWHG[7KHWKLFNQHVVRIWKHDGGHGVWDLQOD\HUWKDWIRUPHGRQ6 
WKHERWWRPRIWKHZHOOZDVDSSUR[LPDWHO\PPWKHVXUIDFHDUHDRIHDFKZHOOZDV7 
FP 7KH VWDLQHG ZHOOV ZHUH GLUHFWO\ LPDJHG LQ VLWX XVLQJ D [ PDJQLILFDWLRQ =HLVV8 
$FKURSODQZDWHU-GLSSLQJREMHFWLYH)LJ)RULPDJLQJD=HLVV$[LR9LVLRQHSLIOXRUHVFHQFH9 
PLFURVFRSHZLWKDXWRPDWHG=-KHLJKWIRFXVLQJ=-VWDFNLQJZDVXVHGIRUH[WHQGHGGHSWKDQG10 
ILHOGLPDJLQJ:LWKWKLVWHFKQLTXHDVHULHVRILPDJHVDUHDFTXLUHGDWGLIIHUHQWIRFXVSRVLWLRQV11 
ZKLFK DOORZV LPDJLQJ WKURXJK D WKLFN VHFWLRQ RU RI D URXJK VXUIDFH )LJ  ,PDJHV ZHUH12 
FDSWXUHGZLWKDQ$[LRFDPEODFN	ZKLWHFDPHUDXVLQJD-QPQDUURZ-EDQGSDVVILOWHU13 
)RU HDFK VDPSOH  LPDJHV ZHUH FDSWXUHG DQG WKHQ DQDO\]HG XVLQJ $[LR9LVLRQ  DQG14 
,PDJH-VRIWZDUH)URPWKHVHGLJLWDOLPDJHVGLUHFWFHOOFRXQWVZHUHREWDLQHGDQGUHSRUWHGDV15 
FHOOVFP VLQFH HDFK H[SHULPHQWZDV FRQGXFWHG LQ WULSOLFDWH HDFKGDWD SRLQW UHSUHVHQWV DQ16 
DYHUDJH RI  GDWD SRLQWV 7KH PLFURVFRSH ZDWHU-GLSSLQJ REMHFWLYH KDG UHVWULFWHG ODWHUDO17 
PRWLRQGXH WR WKHZHOO¶V VLGHVZKLFK FRQILQHG WKH LPDJLQJDUHD )LJ  ,PDJHV WR VWXG\18 
EDFWHULDO FHOO DWWDFKPHQW RQ WKH VXEVWUDWH DW WKH ERWWRP RI HDFK ZHOO ZHUH WDNHQ IURP D19 
FLUFXODU DFFHVVLEOH VXUIDFH ZLWK D GLDPHWHU RI PP ORFDWHG DW WKH FHQWUH RI WKH ZHOOV$V20 
PHQWLRQHGHDUOLHUPLFURVFRSH=-VWDFNLQJSURYLGHGWKHRSWLRQRIDFTXLULQJLPDJHVDWGLIIHUHQW21 
IRFXV SRVLWLRQV 7KLV WHFKQLTXH ZDV XVHG WR GHWHUPLQH ELRILOP GHSWK ZKHQ WKH FHOOV KDG22 
IRUPHGGHQVHELRILOPV 23 
 24 
3. Results and Discussion  25 
 11 
3.1 Surface coating and characterization  1 
 2 
;5' DQG )7,5 DQDO\VLV VKRZHG WKDW WKH V\QWKHWLF PDWHULDOV PDWFKHG WKH H[SHFWHG3 
PHWDO R[LGHV 'HWDLOHG VXUIDFH DQDO\VLV LQFOXGLQJ$75-)7,5 ;36 DQG ZDWHU-GURS FRQWDFW4 
DQJOH PHDVXUHPHQWV FRQILUPHG WKH FRPSDWLELOLW\ RI WKH FRDWHG UHIHUHQFH SODWH¶V VXUIDFH5 
SURSHUWLHVZLWKSXUHPLQHUDOSKDVHV±SOHDVHVHHVXSSRUWLQJLQIRUPDWLRQ6,VHFWLRQ 6 
0LQHUDO VXUIDFHV¶3=&ZDVREWDLQHGDW WKHFRPPRQ LQWHUVHFWLRQSRLQWRIPRUH WKDQ7 
RQHSRWHQWLRPHWULF WLWUDWLRQ FXUYHDW GLIIHUHQW LRQLF VWUHQJWKV7KH3=&RISRO\VW\UHQHZDV8 
FRQVLGHUHGWREHQHXWUDO7KH3=&IRUKHPDWLWHJRHWKLWHDQGDOXPLQXPK\GUR[LGHZDV9 
DQGUHVSHFWLYHO\LQGLFDWLQJDSRVLWLYHFKDUJHRQWKHVXUIDFHDWWKHS+RIWKHDGKHVLRQ10 
H[SHULPHQWV7KHFRQWDFWDQJOHYDOXHVIRUSRO\VW\UHQHDQGKHPDWLWH§GHPRQVWUDWH11 
WKDW ERWK VXUIDFHV DUH K\GURSKRELF ,Q WKH FDVH RI JRHWKLWH DQG DOXPLQLXP K\GUR[LGH WKH12 
FRQWDFWDQJOHYDOXHZDVORZHUWKDQLQGLFDWLQJWKDWWKHVHVXUIDFHVDUHK\GURSKLOLF±IRU13 
IXUWKHUGHWDLOVDQGUHODWHGLPDJHVSOHDVHVHHVXSSRUWLQJLQIRUPDWLRQ6,VHFWLRQ 14 
7KHUHODWLYHK\GURSKRELFLW\RIWKHEDFWHULDOVSHFLHVVWXGLHGLQWKLVUHVHDUFKKDVEHHQ15 
GHWHUPLQHGEHIRUHLQLQGHSHQGHQWH[SHULPHQWVWKDWVXJJHVWWKDW5&5&DQG6SK16 
DUHK\GURSKRELFZKLOH3VH3VHDQG6SKDUHK\GURSKLOLFVWUDLQVDIWHULQFXEDWLRQLQERWK17 
$%ZLWKJOXFRVHDQGSRWDVVLXPDFHWDWHFDUERQVRXUFHV 18 
7KH3=&RIEDFWHULDOFHOOVLVW\SLFDOO\EHWZHHQDQG6LQFHWKHS+RI19 
WKH H[SHULPHQWV DSSUR[LPDWHO\  ZDV KLJKHU WKDQ WKH HQYLURQPHQWDO LVRODWHV¶ H[SHFWHG20 
3=& WKH RYHUDOO VXUIDFH FKDUJH RI WKH FHOOV ZDV DQWLFLSDWHG WR EH QHJDWLYH XQGHU WKH21 
H[SHULPHQW¶VFRQGLWLRQV 22 
:LWKUHVSHFW WRK\GURSKRELFLW\5&5&DQG6SKZHUHK\GURSKRELF OLNH WKH23 
UHIHUHQFH SRO\VW\UHQH VXUIDFH ZKLOH 3VH 3VH DQG 6SK ZHUH K\GURSKLOLF VLPLODU WR WKH24 
KHPDWLWH JRHWKLWH DQG DOXPLQLXP K\GUR[LGH FRDWHG ZHOO-SODWHV &RQVLGHULQJ HOHFWURVWDWLF25 
 12 
LQWHUDFWLRQV WKH 3=& YDOXHV RI WKH EDFWHULDO VWUDLQV DQG WKH PHWDO R[LGH VXUIDFHV ZHUH1 
UHVSHFWLYHO\ EHORZ DQG DERYH WKH H[SHULPHQWV¶ S+  WKHUHIRUH HOHFWURVWDWLF DWWUDFWLRQ2 
ZDVH[SHFWHGWRGULYHFHOODGKHVLRQDQGVXEVHTXHQWELRILOPJURZWKRQWKHPLQHUDOVXUIDFHV 3 
 4 
3.2 Biofilm studies 5 
)LJXUH VKRZV WKH WRWDOQXPEHURI FHOOVFDOFXODWHG LQ WKHSODQNWRQLFSKDVH IRU WKH6 
VWXGLHGVWUDLQVDQGVXUIDFHV7KHVHGDWD UHODWH WR WKHJURZWKPHGLXP$%ZKHQJOXFRVH7 
ZDV WKHFDUERQVRXUFH$VVHHQ LQ WKHSODQNWRQLFSKDVHFHOOQXPEHUV IRUHDFKVWUDLQ WKHVH8 
ZHUHZLWKLQWKHVDPHUDQJHDQGFRPSDWLEOHUHJDUGOHVVRIWKHVWXG\VXUIDFH6LPLODUSDWWHUQV9 
ZHUH REVHUYHG ZKHQ WKH $% FDUERQ VRXUFH ZDV SRWDVVLXP DFHWDWH .$F ± SOHDVH VHH10 
VXSSRUWLQJLQIRUPDWLRQ6,7KHEDFWHULDOVWUDLQVGLGQRWJURZRQWKH$%PHGLXPZLWKQR11 
DGGHG FDUERQ VRXUFH7KH UHVXOWV VXJJHVW WKDW WKH VWUDLQV WKULYH EHWWHU LQ D PHGLXP ZLWK D12 
JOXFRVH FDUERQ VRXUFH FRPSDUHG WR SRWDVVLXP DFHWDWH 0RUH LPSRUWDQWO\ WKH OHYHO RI FHOO13 
JURZWK LQ WKH SODQNWRQLF SKDVH VHHPV WR EH LQGHSHQGHQW RI WKH VXUIDFH FKDUJH DQG14 
K\GURSKRELFLW\RIWKHJURZLQJHQYLURQPHQW¶VVXUIDFH$V)LJXUHLQGLFDWHVWKHQXPEHUVRI15 
5&DQG5&5KRGRFRFFXVVSSLQWKHSODQNWRQLFSKDVHDUHOHVVWKDQ3VHXGRPRQDVVSS16 
3VH	3VHDQG6SKLQJRPRQDVVSS6SK	6SK7KLVFDQEHDWWULEXWHGWRWKHVXUIDFH17 
SURSHUWLHVRIWKH5KRGRFRFFXVVSHFLHVWKDWHQFRXUDJHFHOODJJUHJDWLRQLQDQDTXHRXVPHGLXP18 
3ULRUWRPHDVXULQJWKHSODQNWRQLFSKDVHWKHVDPSOHVZHUHYRUWH[HGWRGLVSHUVHIORFVRI19 
WKHVHVWUDLQV 20 
%DVHGRQWKHK\GURSKRELFSURSHUWLHVRIWKHFHOOVDQGVXUIDFHVWKHH[SHFWHGSDWWHUQLV21 
WR VHH PRUH FHOO DWWDFKPHQW RI WKH K\GURSKRELF VWUDLQV 5& 5& DQG 6SK RQ22 
SRO\VW\UHQHDQGPRUHELRILOPRQWKHK\GURSKLOLFUHIHUHQFHPLQHUDOVXUIDFHVIRUPHGE\3VH23 
3VHDQG6SK 24 
 13 
)LJXUHV±VKRZ WKHEDFWHULDO VWUDLQDGKHVLRQSDWWHUQVRI WKH UHIHUHQFHSRO\VW\UHQH1 
DQGPLQHUDOVXUIDFHVLQWKH$%PHGLXPZLWKDJOXFRVHFDUERQVRXUFH7KHELRILOPVIRUPHG2 
RQ SRO\VW\UHQH DUH VLPLODU WR WKRVH SUHYLRXVO\ UHSRUWHG LQ RWKHU UHVHDUFK XVLQJ WKH VDPH3 
YDULDEOHV 4 
5& KDG RYHUDOO SRRU DWWDFKPHQW RQ WKH VWXGLHG VXUIDFHV 7KH DWWDFKHG JURZWK5 
FRORQLHV RI WKLV VWUDLQ RQ WKH UHIHUHQFH SRO\VW\UHQH IRUPHG GLIIHUHQW JURXSV RI FHOOV WKDW6 
DOLJQHG WR VKDSH DQG VSOLW DQG UHODWLYHO\ VKRUW FKDLQ-W\SH FHOO DUUDQJHPHQWV ZKLOH IRU WKH7 
PLQHUDOVXUIDFHVDWWDFKHGLQGLYLGXDODQGVHSDUDWHGFHOOVZHUHREVHUYHG)LJVD±G5&8 
LV D *UDP-SRVLWLYH K\GURSKRELF EDFWHULDO VWUDLQ OLNH 5& ZLWK FRPSDUDEOH DWWDFKPHQW9 
PRUSKRORJLHVIRUPLQHUDOVEXWGLIIHUHQWFRORQ\IRUPVRQWKHUHIHUHQFHSRO\VW\UHQHVXUIDFH10 
$VVKRZQLQ)LJXUHK5&IRUPVSUROLIHUDWHGZLWKGHQVHDQGKLJKO\VWUXFWXUHGELRILOP11 
RQWKHUHIHUHQFHSRO\VW\UHQH 12 
3VHDQG3VH DUH*UDP-QHJDWLYH DQGK\GURSKLOLF$V VHHQ LQ )LJXUH D±G3VH13 
IRUPV FHOO FOXVWHUV RQ DOO VXUIDFHV KRZHYHU WKH QXPEHUV DQG VL]HV RI WKHVH FOXVWHUV DUH14 
FRQVLGHUDEO\KLJKHU IRU ELRILOPVDWWDFKHG WRPHWDO R[LGHV7KHELRILOPVRQSRO\VW\UHQH DUH15 
VSDUVH DQG VKDSH VPDOO PLFUR-FRORQLHV )LJ GZKLOH WKH\ DUHQRWDEO\GHQVHURQPLQHUDO16 
VXUIDFHV3VHVKRZVWKHVDPHELRILOPIRUPDWLRQSKHQRW\SHRQPHWDOR[LGHV)LJXUHH±J17 
EXW IRU WKH SRO\VW\UHQH WKH DWWDFKHG FHOOV DUH PRUH DJJUHJDWHG DQG VKRZ GLVFUHWH PLFUR-18 
FRORQLHV)LJK 19 
,Q WKHVH H[SHULPHQWV 6SK ZDV WKH RQO\ *UDP-QHJDWLYH VWUDLQ ZLWK K\GURSKRELF20 
VXUIDFHSURSHUWLHV$V)LJXUHD±FGLVSOD\V6SKFHOOVDWWDFKHGWRPLQHUDOVXUIDFHVVKRZ21 
SRRUDGKHVLRQZKLOHELRILOPV IRUPHGRQ UHIHUHQFHSRO\VW\UHQH DUHH[WHQVLYHDQGDEXQGDQW22 
)LJ G 6SK LV D *UDP-QHJDWLYH VWUDLQ ZLWK K\GURSKLOLF VXUIDFH SURSHUWLHV 1HJOLJLEOH23 
DWWDFKPHQWWRPHWDOR[LGHVXUIDFHV)LJH±JLQFRQWUDVWWRWKHQRWDEOHELRILOPIRUPDWLRQ24 
RQUHIHUHQFHSRO\VW\UHQHFRPSDWLEOHZLWK6SKZDVWKHGRPLQDQWPRUSKRORJ\IRUDWWDFKHG25 
 14 
FHOOV 7KH UHVXOWV DUH VWULNLQJ DV K\GURSKRELF 6SK DQG K\GURSKLOLF 6SK VKRZ PDWFKLQJ1 
ELRILOP IRUPDWLRQ SDWWHUQV RQ WKH VWXGLHG VXUIDFHV 7DEOH  VXPPDUL]HV WKH ELRILOP2 
PRUSKRORJLHVRIDWWDFKHGFHOOVRQWKHVWXGLHGPLQHUDODQGSRO\VW\UHQHVXUIDFHV 3 
7KHREVHUYHGPRUSKRORJLHV IRUDWWDFKHGFHOOVXVLQJ.$FDV WKHFDUERQVRXUFHZHUH4 
VLPLODUWR$%ZLWKJOXFRVH±SOHDVHVXSSRUWLQJLQIRUPDWLRQ6,IRUGHWDLOV 5 
)LJXUHVKRZVWKHQXPEHUVRIDWWDFKHGFHOOVEDVHGRQDGLUHFWFRXQWRIFHOOQXPEHUV6 
IURPFDSWXUHG LPDJHV$V VHHQ3VHDQG3VH DUH WKH VWUDLQVZLWK WKH KLJKHVW QXPEHUVRI7 
DWWDFKHGFHOOVWRPHWDOR[LGHV7KHFHOOQXPEHUVIRU5&DQG5&DUHVLJQLILFDQWO\KLJKHU8 
IRU WKHUHIHUHQFHSRO\VW\UHQHFRPSDUHGWRPLQHUDOVXUIDFHV6LPLODUO\ WKHQXPEHUVRI6SK9 
DQG 6SK DWWDFKHG FHOOV DUH QRWDEO\ KLJKHU IRU WKH UHIHUHQFH SRO\VW\UHQH FRPSDUHG WR WKH10 
PHWDOR[LGHV 11 
&RPSDULQJ WKHQXPEHUVRIDWWDFKHGFHOOVRQ WKH VWXGLHGVXUIDFHV )LJZLWK WKHLU12 
UHVSHFWLYH SODQNWRQLF SKDVH JURZWK )LJ  VXJJHVWV WKDW D KLJK QXPEHU RI FHOOV LQ WKH13 
SODQNWRQLF SKDVH GRHV QRW QHFHVVDULO\ FRUUHVSRQG WR H[WHQVLYH FHOO DWWDFKPHQW DQG ELRILOP14 
IRUPDWLRQ 15 
7KH K\GURSKRELF QDWXUH RI WKH 5KRGRFRFFXV VWUDLQV 5& DQG 5& LV D OLNHO\16 
UHDVRQIRUWKHLUQHJOLJLEOHDWWDFKPHQWWRK\GURSKLOLFPLQHUDOV1HYHUWKHOHVVK\GURSKRELFLW\17 
GRHV QRW IXOO\ H[SODLQ WKHLU DWWDFKPHQW SDWWHUQ WR WKH K\GURSKRELF UHIHUHQFH SRO\VW\UHQH18 
VXUIDFHDQGWKHFOHDUGLIIHUHQFHVLQELRILOPPRUSKRORJ\VHHQEHWZHHQWKHVHWZRVWUDLQV)LJV19 
GK$SUHYLRXVVWXG\VXJJHVWVWKDWOLSRSKLOLFPDFURPROHFXOHVRI5&DQG5&FHOO20 
ZDOOV SOD\ D NH\ UROH LQ WKHLU DWWDFKPHQW WR K\GURSKRELF SRO\VW\UHQH VXUIDFHV 7KHVH21 
PDFURPROHFXOHV DVVRFLDWH GLIIHUHQWO\ ZLWK FHOOV ZKLFK FRQVHTXHQWO\ LQIOXHQFHV FHOO22 
DWWDFKPHQW DQG ELRILOP SUROLIHUDWLRQ RQ K\GURSKRELF VXUIDFHV )RU 5& SRODU DQG QRQ-23 
SRODUOLSLGVDUHFORVHO\DVVRFLDWHGZLWKWKHFHOOVWKDWIDFLOLWDWHFHOODWWDFKPHQWWRK\GURSKRELF24 
VXUIDFHV DQG FHOO-FHOO LQWHUDFWLRQV ,Q FRQWUDVW DOWKRXJK 5& SURGXFHV ODUJH QXPEHUV RI25 
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GLYHUVHH[WUDFHOOXODUOLSRSKLOLFPROHFXOHVWKHVHPDWHULDOVDUHQRWFORVHO\DVVRFLDWHGZLWKWKH1 
FHOOV DQG FDQ EH GHWDFKHG DQG UHOHDVHG WR WKH PHGLXP 7KHUHIRUH WKH DELOLW\ WR UHWDLQ2 
H[WUDFHOOXODUOLSRSKLOLFPDWHULDOVLVDOLNHO\HOHPHQWWKDWVKDSHVWKHDWWDFKPHQWSKHQRW\SHVRI3 
5&DQG5& 4 
3VHDQG3VHGHVSLWHVLPLODULWLHVLQWKHLUJHQHWLFVDWWDFKGLIIHUHQWO\WRSRO\VW\UHQH5 
7KH\ VKRZ VLPLODU DWWDFKPHQW PRUSKRORJLHV EXW WKH QXPEHU RI FHOOV DWWDFKHG WR WKH6 
SRO\VW\UHQHVXUIDFHLVQRWDEO\KLJKHUIRU3VH7KHGLIIHUHQFHLQWKHH[WHQWRIDWWDFKPHQWWR7 
WKHVWXGLHGVXUIDFHVDQG WKHFRQVLGHUDEOHELRILOPIRUPDWLRQRI WKHVHK\GURSKLOLFVWUDLQVRQ8 
WKHK\GURSKRELFSRO\VW\UHQHVXUIDFHFDQEHDWWULEXWHGWRWKHLUVSHFLILFSK\VLRORJLFDOIHDWXUHV9 
2WKHUVWXGLHVXVLQJPLFURVFRSLFDQGVSHFWURVFRSLFDQDO\VHVLQDGGLWLRQWRVWXG\LQJFHOO10 
DWWDFKPHQWVXQGHUWUHDWPHQWZLWK'-1DVHOKDYHUHYHDOHGWKDW IRU WKH3VHXGRPRQDVVSHFLHV11 
WKHH[WUDFHOOXODU'1$H'1$GHWHUPLQHVWKHGLIIHUHQFHEHWZHHQ3VHDQG3VHDWWDFKPHQW12 
SDWWHUQV7KHSUHVHQFHRIH'1$HQKDQFHV3VHDGKHVLRQWRDK\GURSKRELFVXUIDFH 13 
7KH 6SKLQJRPRQDV VWUDLQV¶ DGKHVLRQ SDWWHUQV WR K\GURSKRELF SRO\VW\UHQH DQG14 
K\GURSKLOLFPLQHUDOVXUIDFHVDUHFRPSDWLEOH7KH6SKLQJRPRQDVVSHFLHVKDV*UDP-QHJDWLYH15 
VWUDLQV WKHVH DUH XQLTXH FRPSDUHG WR RWKHU *UDP-QHJDWLYHV ,QVWHDG RI OLSRSRO\VDFFKDULGH16 
/366SKLQJRPRQDFHDHVSSEDFWHULDOVWUDLQVKDYHJO\FRVSKLQJROLSLGV *6/ZKLFKDUHD17 
VXEJURXS RI JO\FROLSLGV OLSLGV WKDW DUH OLQNHG WR D FDUERK\GUDWH FKDLQ 7KH\ FRQWDLQ WKH18 
VSKLQJRVLQH DQ DPLQR DOFRKRO PRLHW\ 7KHVH FKHPLFDO VWUXFWXUHV DUH DPSKLSKLOLF KDYLQJ19 
ERWK K\GURSKRELF DQG K\GURSKLOLF SDUWV WKH PROHFXOHV JHQHUDOO\ KDYH VLPLODULWLHV WR WKH20 
SK\VLFRFKHPLFDO DQG IXQFWLRQDO SURSHUWLHV RI OLSRSRO\VDFFKDULGHV  7KH DPSKLSKLOLF21 
FKDUDFWHULVWL RI WKHVH6SKLQJRPRQDV VSS&HOO-VXUIDFHPROHFXOHV FDQSUREDEO\ IDFLOLWDWH WKH22 
DWWDFKPHQW RI WKHVH VWUDLQV WR ERWK K\GURSKRELF DQG K\GURSKLOLF VXUIDFHV 6LPLODU ELRILOP23 
IRUPDWLRQSDWWHUQVRI6SKRQDSRO\VW\UHQHVXUIDFHKDYHEHHQUHSRUWHGEHIRUH+RZHYHU24 
WKLV FKDUDFWHULVWLF GRHV QRW H[SODLQ WKH SRRU 6SK DWWDFKPHQW WR PLQHUDO VXUIDFHV 7KH25 
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SRO\VW\UHQHVXUIDFHFKDUJHLVQHXWUDOVRHOHFWURVWDWLFLQWHUDFWLRQVFDQRQO\SOD\DQHJOLJLEOH1 
UROHLQ6SKDWWDFKPHQWWRWKLVVXUIDFH8QOLNHK\GURSKRELFSRO\VW\UHQHPLQHUDOVXUIDFHVDUH2 
K\GURSKLOLFZLWKDSRVLWLYHVXUIDFHFKDUJHLQS+RIWKHH[SHULPHQW7KHH[SHFWHG3=&RI3 
6SK XQGHU WKH H[SHULPHQWDO FRQGLWLRQ S+  LV QHJDWLYH DQG DWWUDFWLYH FHOO-PLQHUDO4 
HOHFWURVWDWLFLQWHUDFWLRQLVDQWLFLSDWHGWRVXSSRUWFHOODWWDFKPHQWDQGELRILOPIRUPDWLRQ7KLV5 
LV FRQWUDU\ WR WKH REVHUYHG SDWWHUQ 7R LQYHVWLJDWH WKHVH GLVFUHSDQFLHV IXUWKHU DGGLWLRQDO6 
H[SHULPHQWVZHUHSHUIRUPHG WRGHWHUPLQH LIPHGLXP LRQLF VWUHQJWKDIIHFWV WKHHOHFWURVWDWLF7 
LQWHUDFWLRQVEHWZHHQWZRK\GURSKLOLFHQWLWLHV 8 
6SK ]HWD SRWHQWLDO ZDV PHDVXUHG XVLQJ D ]HWD SRWHQWLDO DQDO\]HU =HWD 3OXV9 
%URRNKDYHQ ,QVWUXPHQWV +XQWVYLOOH 1< =HWD SRWHQWLDO FDQ EH GHILQHG DV WKH HOHFWULFDO10 
SRWHQWLDOGLIIHUHQFHZKHQWKHUHLVLQWHUIHUHQFHEHWZHHQDEXONDTXHRXVPHGLXPDQGDVWDWLF11 
IOXLGDWWDFKHGWRDEDFWHULDOFHOO 12 
)LJXUHDVKRZV]HWDSRWHQWLDOYDOXHVIRUD6SKVWUDLQVXVSHQGHGLQP0RI.&O$V13 
FDQEHVHHQWKLVEDFWHULDOVWUDLQVKRZVQHJDWLYHVXUIDFHSRWHQWLDODWFLUFDQHXWUDOS+YDOXHV14 
7KLV DJUHHV ZLWK SUHYLRXVO\ SXEOLVKHG UHVHDUFK LQGLFDWLQJ WKDW EDFWHULDO FHOOV RIWHQ KDYH D15 
UHODWLYHO\ ORZ 3=& DQG FDUU\ D QHJDWLYH VXUIDFH FKDUJH LQ QDWXUDO PHGLD 16 
1HYHUWKHOHVV WKLV UHVXOW FDQQRW H[SODLQ WKH DWWDFKPHQW EHKDYLRXU RI 6SK RQ SRVLWLYHO\17 
FKDUJHGPHWDO-R[LGHVXUIDFHV 18 
,QWKLVUHVHDUFKFHOODWWDFKPHQWVZHUHHYDOXDWHGDIWHUKRXUVRILQFXEDWLRQ'XULQJ19 
WKLV WLPHEDFWHULDOFHOOV LPPHUVHGLQDQ$%PHGLXPZHUHH[SRVHGWRPHWDOR[LGHVDQG20 
SRO\VW\UHQHVXUIDFHV7RHYDOXDWHWKHHIIHFWRI LQFXEDWLRQWLPHRQFHOOVXUIDFHFKDUJH6SK21 
FHOOVZHUHKDUYHVWHGIURPWKHSODQNWRQLFSKDVHRIKHPDWLWHSODWHVDWWKHHQGRILQFXEDWLRQDQG22 
WKHLU3=&ZHUHPHDVXUHGLQP0RI.&OS+§7KHUHVXOWZDVFRQVLVWHQWZLWKSUHYLRXV23 
]HWD SRWHQWLDO PHDVXUHPHQW DQG ZDV DSSUR[LPDWHO\ -P9 7KLV WHVW FRXOG QRW EH24 
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VXFFHVVIXOO\SHUIRUPHG IRUFHOOVDWWDFKHG WR DKHPDWLWH VXUIDFHDV VDPSOLQJ WKHVHFHOOVZDV1 
QRWIHDVLEOHZLWKRXWUHPRYLQJWKHKHPDWLWHFRDWLQJGHSRVLWHG 2 
7KH$%PHGLXP LV UHODWLYHO\KLJK LQ LRQLFFRQWHQWDQGKDVDQ LRQLF VWUHQJWK ,63 
YDOXHRIP0'LIIHUHQWVWXGLHVVKRZWKDWLQFUHDVLQJLRQLFVWUHQJWKOHDGVWRVKULQNDJH4 
RI WKH GLIIXVH GRXEOH OD\HU OHQJWK DURXQG D FKDUJHG FROORLGDO SDUWLFOH FRQVHTXHQWO\5 
KDPSHULQJWKHHIIHFWVRIHOHFWURVWDWLFLQWHUDFWLRQZLWKLQDVSHFLILFGLVWDQFHIURPWKHVXUIDFH6 
&KHQDQG:DONHU VKRZHGWKDWFKDQJLQJWKHLRQLFVWUHQJWKIURPP0WRP07 
XVLQJ.&ODV WKHHOHFWURO\WHFDXVHGFRQVLGHUDEOHFKDQJHV LQEDFWHULDOFHOOVXUIDFHSRWHQWLDO8 
&RQVLGHULQJ WKLV SRVVLELOLW\ WKH ]HWD SRWHQWLDO RI 6SK SODQNWRQLF ZDV PHDVXUHG LQ D9 
VXVSHQVLRQ RI $% PHGLXP ZLWK ORZHU OHYHOV RI LRQLF VWUHQJWK 1D&O KDV WKH KLJKHVW10 
FRQFHQWUDWLRQ LQ WKLV PHGLXP SOHDVH VHH VXSSRUWLQJ LQIRUPDWLRQ 6, DQG UHGXFLQJ WKH11 
RULJLQDO LRQLF VWUHQJWK IURP P0 WR  P0 DQG P0 ZDV DFKLHYHG E\12 
FKDQJLQJWKLVHOHFWURO\WHFRQFHQWUDWLRQLQWKH$% 13 
7KH UHVXOWV RI WKLV H[SHULPHQW DUH VKRZQ LQ )LJXUH E $V VHHQ WKHUH ZDV DQ14 
DSSUR[LPDWHO\P9GLIIHUHQFHEHWZHHQWKHPHDVXUHG]HWDSRWHQWLDOIRUDFHOOVXVSHQVLRQLQ15 
$%PHGLXPLGHQWLFDO WR WKH DWWDFKHGJURZWKH[SHULPHQWDOFRQGLWLRQVDQGDQ6SKFHOO16 
VXVSHQVLRQLQP0RI.&O7KHFHOOVXUIDFHFKDUJHZDVOHVVQHJDWLYHDQGFORVHWR]HURLQWKH17 
$%PHGLXPFRPSDUHGWRP0RI.&O7KLVUHVXOWPD\H[SODLQWKHQRWDEOHDWWDFKPHQWRI18 
6SKWRWKHSRO\VW\UHQHVXUIDFH7KHDWWUDFWLRQIRUFHVGXHWRHOHFWURVWDWLFLQWHUDFWLRQVPLJKW19 
KDYHPDGHDQHJOLJLEOHFRQWULEXWLRQWRDWWDFKPHQWVLQFHWKHVXUIDFHFKDUJHRIWKHSRO\VW\UHQH20 
DQG WKH HIIHFWLYH VXUIDFH FKDUJH RI WKH EDFWHULDO VWUDLQ ZHUH FORVH WR ]HUR XQGHU WKH21 
H[SHULPHQW¶V FRQGLWLRQV 7KHUHIRUH DWWDFKPHQW ZDV SUREDEO\ JRYHUQHG E\ K\GURSKRELFLW\22 
7KLVFDVHLVVXSSRUWHGE\WKHIDFWWKDWWKHRXWHUFHOO-ZDOOFRPSRQHQWVRI6SKDUHDPSKLSKLOLF23 
LQ QDWXUH DQG WKLV DOORZV EDFWHULDO FHOOV WR DWWDFK DQG IRUP D ELRILOP RQ D K\GURSKRELF24 
VXUIDFH7KLVPLJKWDOVRKDYHEHHQUHLQIRUFHGE\WKHFRPSOH[DWLRQRIWKHFKDUJHGJURXSVRQ25 
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WKH RXWHU FHOO ZDOO PDFURPROHFXOHV GXH WR WKH SUHVHQFH RI SRVLWLYHO\ FKDUJHG LRQV LQ WKH1 
$% OHDGLQJ WR FRQIRUPDWLRQDO FKDQJHV LQ WKH PDFURPROHFXOHV$V D UHVXOW K\GURSKRELF2 
PRLHWLHV PLJKW EH PRUH H[SRVHG WR WKH DPELHQW HQYLURQPHQW DQG IDFLOLWDWH DGKHVLRQ WR D3 
K\GURSKRELFVXUIDFH 4 
7KLVILQGLQJXQGHUOLQHVWKHUROHRIWKHJURZWKPHGLXP¶VLRQLFVWUHQJWK,WDOVRVKHGV5 
OLJKWRQ WKHDQRPDOLHVREVHUYHGZKHQVWXG\LQJ6SKDWWDFKPHQW WRPLQHUDOVDQGZK\FHOO-6 
DGKHVLRQSDWWHUQVDUHQRWFRQVLVWHQWZLWKWKHH[SHFWHGHOHFWURVWDWLFDWWUDFWLRQWKDWVKRXOGH[LVW7 
EHWZHHQ6SKDQGPHWDO-R[LGHVXUIDFHV&RQVLGHULQJWKHDIRUHPHQWLRQHGIDFWVFKDQJLQJWKH8 
LRQLF VWUHQJWK DQG FRQVHTXHQWO\ 6SK VXUIDFH SRWHQWLDO VKRXOG OHDG WR GLIIHUHQW DWWDFKPHQW9 
EHKDYLRXU5HGXFLQJWKHLRQLFVWUHQJWKDQGDOWHULQJWKH6SKVXUIDFHSRWHQWLDOIURPFORVHWR10 
QHXWUDOWR§-P9VKRXOGFDXVHDFRQVLGHUDEOHLQFUHDVHLQWKHQXPEHURIFHOOVDWWDFKLQJWR11 
SRVLWLYHO\FKDUJHGPHWDOR[LGHV)LJXUHVKRZVWKHELRILOPIRUPDWLRQRI6SKRQDKHPDWLWH12 
VXUIDFHLQWKUHHGLIIHUHQWLRQLFVWUHQJWKFRQGLWLRQVS+ )LJXUHVKRZVWKHQXPEHUV13 
RI 6SK FHOOV DWWDFKHG WR D KHPDWLWH VXUIDFH DIWHU  KRXUV RI LQFXEDWLRQ DW WKUHH GLIIHUHQW14 
LRQLFVWUHQJWKV$VFDQEHVHHQZKHQWKHLRQLFVWUHQJWKZDVUHGXFHGE\DIDFWRURIWHQWKH15 
QXPEHURIWKHFHOOVDWWDFKHGWRWKHKHPDWLWHLQFUHDVHGDSSUR[LPDWHO\WHQIROG7KHGLIIHUHQFH16 
LQ 6SK VXUIDFH SRWHQWLDO XQGHU WKHVH WZR FRQGLWLRQV LV DSSUR[LPDWHO\ -P9 ZKLFK17 
UHLQIRUFHV WKH HOHFWURVWDWLF DWWUDFWLRQ EHWZHHQ SRVLWLYHO\ FKDUJHG KHPDWLWH DQG D QHJDWLYHO\18 
FKDUJHG6SKVXUIDFH 19 
,Q WKLV UHVHDUFK ELRILOP IRUPDWLRQV RQ V\QWKHWLF PLQHUDO VXUIDFHV RI LURQ DQG20 
DOXPLQLXPR[LGHVZHUHVWXGLHGXQGHUFRQWUROOHGODERUDWRU\FRQGLWLRQV7KHFRDWLQJPHWKRG21 
GHSRVLWLRQRIPHWDOR[LGHFROORLGDOSDUWLFOHVIURPDVXVSHQVLRQRQWRDFHOO-FXOWXUHSRO\VW\UHQH22 
VXUIDFHSURYHGWREHDVLPSOHEXWUHOLDEOHDSSURDFKIRUWKLVSXUSRVH7KLVWHFKQLTXHFDQEH23 
XVHGLQIXWXUHVWXGLHVWRFUHDWHPXOWL-FRPSRQHQWVXUIDFHVWKDWEHWWHUUHSUHVHQWWKHFRPSOH[LW\24 
RI DYDLODEOH PLQHUDO VXUIDFHV LQ QDWXUH 7KH QRYHO LPDJLQJ PHWKRG GHYHORSHG IRU WKLV25 
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UHVHDUFK DOVR LQGLFDWHV WKDW GLUHFW QRQ-LQYDVLYH DQG LQ VLWX LPDJLQJ XVLQJ D ZDWHU-GLSSLQJ1 
REMHFWLYHDQG6\WRVWDLQLVDJRRGDOWHUQDWLYHWRFU\VWDOYLROHWDVVD\WKDWLVIUHTXHQWO\XVHG2 
IRUVWXG\LQJELRILOPIRUPDWLRQ 3 
7KHSODQNWRQLFSKDVHRIHQYLURQPHQWDO LVRODWHV VXJJHVW WKDW WKHVHZHUHQRWDIIHFWHG4 
E\ WKHVXUIDFHSURSHUWLHVRIKHPDWLWHJRHWKLWHDOXPLQLXPK\GUR[LGHRUPRGHOSRO\VW\UHQH5 
3ODQNWRQLF-SKDVH JURZWKZDVEHWWHU LQ WKHPHGLXPZLWK DJOXFRVH-FDUERQ VRXUFH WUHDWPHQW6 
FRPSDUHGWRSRWDVVLXPDFHWDWH 7 
7KHH[SHULPHQWDOUHVXOWVVXJJHVWWKDWFHOO-DGKHVLRQSUHGLFWLRQVEDVHGRQWKHHIIHFWVRI8 
HOHFWURVWDWLFDQGK\GURSKRELFLQWHUDFWLRQVDUHOLNHO\WRVKRZGLVFUHSDQFLHVZKHQFRPSDUHGWR9 
UHDODWWDFKPHQWEHKDYLRXU ,QQDWXUDOHQYLURQPHQWV WKHDYDLODEOH VXUIDFHV IRUFHOO DGKHVLRQ10 
DQGELRILOPIRUPDWLRQDQGWKHEDFWHULDOFHOOVXUIDFHLWVHOIDUHQRWSULVWLQHEXWDIIHFWHGE\WKH11 
LRQLF FRPSRVLWLRQ RI WKH PHGLD HJ PDULQH DQG JURXQGZDWHU HQYLURQPHQWV 7KH GUDPDWLF12 
LQFUHDVH LQ WKH QXPEHU RI 6SK DWWDFKHG FHOOV WR WKH KHPDWLWH VXUIDFH E\ FKDQJLQJ WKH13 
VROXWLRQLRQLFVWUHQJWKLVDSULPHH[DPSOHRIWKLVHIIHFWUHGXFLQJWKHJURZWKPHGLXP¶VLRQLF14 
VWUHQJWKIURP|P0WR|P0UHVXOWHGLQWHQWLPHVPRUHDWWDFKHGFHOOV 15 
7KLVUHVHDUFKDOVRGHPRQVWUDWHVWKDWWKHSUHVHQFHRIDKLJKQXPEHURIEDFWHULDOFHOOV16 
LQWKHSODQNWRQLFSKDVHGRHVQRWQHFHVVDULO\UHSUHVHQWH[WHQVLYHFHOODWWDFKPHQWDQGELRILOP17 
IRUPDWLRQ RQ VXUIDFHV 7KLV ILQGLQJ LV VLJQLILFDQW EHFDXVH LQ HQJLQHHUHG ELRUHPHGLDWLRQ D18 
KLJK QXPEHU RI EDFWHULDO FHOOV LQ WKH SODQNWRQLF SKDVH LV RIWHQ FRQVLGHUHG WR EH D JRRG19 
LQGLFDWLRQ RI WKH H[WHQW RI ELRILOP IRUPDWLRQ LQ DTXLIHUV 7KH UHVXOWV VXJJHVW WKDW ZKHQ20 
HQJLQHHUHGVROXWLRQVDUHSODQQHGUHDOLVWLFSUHGLFWLRQVRIELRUHPHGLDWLRQDUHRQO\SRVVLEOHLI21 
WKHSK\VLFRFKHPLFDOSURSHUWLHVRIEDFWHULDOFHOOVDQGPLQHUDOVXUIDFHVDQGWKHLRQLFVWUHQJWK22 
RIDTXLIHUPHGLDDUHWKRURXJKO\FKDUDFWHUL]HG 23 
 24 
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6XSSRUWLQJLQIRUPDWLRQ 2 
6XSSOHPHQWDU\ GDWD DVVRFLDWHG ZLWK WKLV DUWLFOH FDQ EH IRXQG LQ WKH RQOLQH YHUVLRQ3 
3RWHQWLRPHWULF WLWUDWLRQ RI V\QWKHWLF PLQHUDOV ZDWHU-GURS FRQWDFW-DQJOH PHDVXUHPHQWV DQG4 
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VSHFWUD RI WKH UHIHUHQFH SRO\VW\UHQH DQG PHWDO-R[LGH FRDWHG VXUIDFHV GHWDLOV RI WKH$%6 
JURZWK PHGLXP¶V LRQLF FRQWHQW WKH SODQNWRQLF JURZWK DQG ELRILOP IRUPDWLRQ RI 5&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 3VH 3VH 6SK DQG 6SK EDFWHULDO VWUDLQV ZKHQ LQFXEDWHG XQGHU D .$F FDUERQ8 
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Legends to Figures  1 
)LJXUH6FKHPDWLFUHSUHVHQWDWLRQRIWKHPDLQPHFKDQLVPVLQYROYHGLQELRILOPIRUPDWLRQ 2 
)LJXUH  6FKHPDWLF UHSUHVHQWDWLRQ RI LQFXEDWLQJ SRO\VW\UHQH DQG PLQHUDO-FRDWHG -ZHOO3 
SODWHVDQGGLUHFWO\LPDJLQJWKHVWUDLQVDWWDFKHGWRWKHVWXGLHGVXUIDFHVD'HSLFWVFRQILQHG4 
ODWHUDOPRYHPHQWVRIWKHZDWHU-GLSSLQJREMHFWLYHGXHWRWKHZHOO¶VVLGHV$VVHHQDFLUFOHRI5 
GLDPHWHU  PP ORFDWHG DW WKH FHQWUH RI HDFK ZHOO¶V EDVH ZDV LPDJHG IRU WKH VWXGLHG6 
VXEVWUDWDE6KRZVGLUHFWLPDJLQJRIWKHDOXPLQLXPK\GUR[LGH-FRDWHGSODWHVF,OOXVWUDWHV7 
WKH IXQFWLRQ RI =-KHLJKW IRFXVLQJ = VWDFNLQJ XVHG LQ HYDOXDWLQJ ELRILOP IRUPDWLRQ 7KLV8 
PHWKRG ZDV XVHG IRU GHQVH ELRILOPV WR EHWWHU DVVHVV WKH QXPEHUV RI FHOOV DWWDFKHG WR9 
SRO\VW\UHQHDQGPLQHUDOVXUIDFHV 10 
 11 
)LJXUH 7RWDO QXPEHUV RI FHOOV LQ WKH SODQNWRQLF SKDVH IRU PLQHUDO-FRDWHG DQG UHIHUHQFH12 
SRO\VW\UHQH SODWHV DIWHU  KRXUV RI LQFXEDWLRQ LQ $% PHGLXP ZLWK D JOXFRVH FDUERQ13 
VRXUFH 14 
 15 
Figure 4. RC92 and RC291 attachments to mineral and polystyrene surfaces, aȂd refer to 16 
RC92 and eȂh refer to RC291 adhesion to hematite, goethite, aluminium hydroxide and 17 
polystyrene, respectively (AB10 medium with glucose carbon sources, ionic strength = 18 
196.08mM, pH= 6.5). 19 
Figure 5. Pse1 and Pse2 attachment to mineral and polystyrene surfaces, aȂd refer to Pse1 20 
and eȂh refer to Pse2 adhesion to hematite, goethite, aluminium hydroxide and polystyrene, 21 
respectively (AB10 medium with glucose carbon sources, ionic strength = 196.08mM, pH= 22 
6.5). 23 
Figure 6. Sph1 and Sph2 attachment to mineral and polystyrene surfaces, a-d refer to Sph1 24 
and e-h refer to Sph2 adhesion to hematite, goethite, aluminium hydroxide and polystyrene, 25 
respectively (AB10 medium with glucose carbon sources, ionic strength = 196.08mM, pH= 26 
6.5).   27 
Figure 7. Total number of bacterial cells attached to mineral-coated polystyrene and 28 
polystyrene surfaces after 96 hours of incubation in AB10 medium with a glucose carbon 29 
source.  30 
Figure 8. (a) Zeta potential of Sph2 strain suspended in 1 mM of KCl at different pH values. 31 
(b). Variations of the zeta potential of Sph2 strain in AB10 medium at different ionic 32 
strengths.  33 
Figure 9. Attachment of Sph2 to a hematite surface under different ionic strengths (a; IS 34 
=196.08 mM, b; IS = 98.08 mM, c; IS = 19.06 mM).  35 
Figure 10. Quantified number of cells attached to hematite after 96 hours of incubation under 36 
different ionic strength (IS) conditions. 37 
 25 
Table 1. Summarizes bacterial strains; RC92, RC291, Pse1, Pse2, Sph1 and Sph2 adhesion 1 
morphologies to polystyrene and mineral surfaces.  2 
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Table 1 4 
 
                      Attachment 
                           Surface 
 
Bacterial Strain 
 
Hematite 
Hydrophilic 
 PZC=7.5 
Goethite 
Hydrophilic 
 PZC=8.5 
Aluminum 
Hydroxide 
Hydrophilic 
PZC=8.9 
Polystyrene 
Hydrophilic 
Neutral 
RC92 
Hydrophobic, PZC<6.5 
Negligible cell 
attachment 
Negligible cell 
attachment 
Negligible cell 
attachment 
Dispersed chain-
shape biofilm 
RC291 
Hydrophobic, PZC<6.5 
Negligible cell 
attachment 
Negligible cell 
attachment 
Negligible cell 
attachment 
Highly 
structured 
biofilm 
Pse1 
Hydrophilic, PZC<6.5 
Extensive cell 
clusters 
Extensive cell 
clusters 
Extensive cell 
clusters 
Sparse 
micro-colonies  
Pse2 
Hydrophilic, PZC<6.5 
Extensive cell 
clusters 
Extensive cell 
clusters 
Extensive cell 
clusters 
Sparse 
micro-colonies  
Sph1 
Hydrophobic, PZC<6.5 
Poor, dispersed 
single-cell 
attachment 
Poor, dispersed 
single-cell 
attachment 
Poor, dispersed 
single-cell 
attachment 
Extensive cell 
attachment 
Sph2 
Hydrophilic, PZC<6.5 
Poor, dispersed 
single-cell 
attachment 
Poor, dispersed 
single-cell 
attachment 
Poor, dispersed 
single-cell 
attachment 
Extensive cell 
attachment 
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